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NASA FIRE DETECTION STUDY

William D. Davis
Kathy A. Notarianni

ABSTRACT

The National Aeronautics and Space Administration, together with
the National Institute of Standards and Technology are in the third
vear of a five year project designed to set guidelines for fire
protection in high bay facilities. A high bay facility is defined
in this study as any space with a ceiling height in excess of 18 m.
NASA has numerous high bay spaces that are used to perform a
variety of functions. A survey of NASA high bay spaces was
conducted to determine the number of spaces, the use of the space,
fire detection and suppression present, geometry and presence of
forced air flow or clean room conditions, and special hazards which
would pose substantial fire risks. Based on the survey results, a
modeling program was designed which would analyze both specific and
generic high bay spaces representative of the NASA inventory. The
computation fluid dynamics model HARWELL-FLOW3D was used for the
modeling. The object of the modeling was to simulate the response
of smoke, fusible 1link, heat, UV/IR, and obscuration detectors to
several standard fire scenarios. The modeling was done for both
forced air flow and no air flow present in the space. Results of
the predicted detector activation times are presented as a function
of fire size, ceiling height, and forced air flow.

1 INTRODUCTION

A study of fire detection methods for use by NASA in protecting
their high bay structures is presented. A high bay structure is
defined in this study as a structure having a ceiling height in
excess of 18 m (60 ft). NASA has numerous high bay spaces that are
used to perform a variety of mission critical functions. These
include structures with ceiling heights ranging from 18.3 m (60 ft)
to over 152 m (500 ft), structures containing complex work stands,
and structures with interior conditions ranging from class 100
clean rooms with forced ventilation to ordinary aircraft hangars.
Fuel loads are also quite diverse with some structures containing
very small fuel loads while other structures are involved in
shuttle and payload fueling which can include significant amounts
of hypergolic fuels.

The analysis conducted in this study dealt with prediction of the
expected performance of heat, smoke, and radiation detection
systems for simulated fires of the type expected in NASA high bay
facilities. The expected performance of smoke, heat, and radiation
detectors in simulated fires is calculated using computer modeling.
The results of this analysis will aid the development of fire
detection strategies for high bay spaces.



2 THE NASA INVENTORY OF HIGH BAY FACILITIES

A survey of NASA high bay facilities was conducted during 1994 to
identify the number and size of existing high bay facilities, their
usage, and criticality to the NASA mission. The survey identified
special hazards, target fire sizes, existing detection and
suppression systems, and the presence of forced air flows.

Seventy spaces were identified which had ceiling heights of at
least 18 m (60 ft). About half of these spaces had ceiling heights
between 18 m and 26 m (60 ft and 85 ft), 36% were between 27 m and
36 m (90 ft and 120 ft) and 13% were in excess of 36 m (120 ft).

Structure types ranged from class 100 clean rooms with flat roofs
and forced air flows with velocities up to 1 m/s to aircraft
hangars with curved roofs and no forced air flow. Two different
forced air flow patterns are used for the clean rooms in the NASA
inventory. For the class 100 clean room at Goddard Space Center,
air is introduced through supplies that are uniformly spaced across
one wall and exits through returns at the opposite wall. All other
NASA clean rooms introduce the air through ceiling supplies with
air returns positioned on walls near the floor.

The survey dealt with possible fire scenarios in the following
manner. The fire protection engineer at the facility was asked to
identify the fire scenario of greatest concern in each high bay

space as well as the most likely fire scenario to occur. Also
requested was information on materials requiring special
consideration such as explosive or radioactive materials. An

estimate of the maximum acceptable fire size, defined as the
largest fire size tolerable in the space, considering the dollar
value loss potential and criticality to the NASA mission, was also

requested. Guidelines for the maximum acceptable fire size
included: 50 kW (e.g., a wastebasket fire), 1 MW ( e.g., a 1.5 m?
floor area of 4.6 m high storage of ordinary combustibles), or

greater than 1 MW (e.g., > 0.8 m diameter JP-4 fire).

Survey results gave 39% of the structures having maximum acceptable
fire size of less than 50 kW and 9% of the structures having
maximum acceptable fire sizes in excess of 1 MW.

The survey requested information on the presence of automatic smoke
detectors such as photoelectric, ionization, beam, and/or
continuous sampling, and heat detectors such as fixed temperature,
rate of rise, or combination, and infrared or ultraviolet flame
detectors. For the spaces with heights between 18 and 26 m, (60
and 85 ft), 25% had no detectors, 39% had thermal/smoke detectors
with no forced air flow, 22% had thermal/smoke detectors with
forced air flow, and 14% had radiation detectors. For the spaces
with heights between 27 and 37 m (90 and 120 ft), 32% had no
detectors, 32% had thermal/smoke detectors with no forced air flow,
4% had thermal/smoke detectors with forced air flow, and 32% had
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radiation detectors. For the spaces with heights greater than 37
m (120 ft), 45% had no detectors, 22% had thermal/smoke detectors
with forced air flow, and 33% had radiation detectors.

3 FIRE SCENARIOS

Fire sizes used to analyze detector performance are based on the
NASA survey results. Fire size categories used in the survey
included fires with maximum heat release rates of 50 kW, 1 MW, and
greater than 1 MW. Clean room facilities typically required fire
detection by the 50 kW fire size while general purpose buildings
which contained no explosive fuels generally could tolerate 1 MW or
higher fire sizes before fire detection was necessary.

For the purposes of this study, 50 kw, 0.5 MW, 1 MW, 4 MW, and 50
MW fire sizes were chosen for the simulations. The simulated fires
were chosen to grow quadratically with time (’t-squared’), with
each fire reaching its peak heat release rate in 100 seconds. The
50 kW fire would represent a slow growth rate fire[l] in a
situation where the fuel load would be small. The 0.5 MW, 1 MW,
and 4 MW fires would represent fast growth rate fires[1l], and the
50 MW fire would represent a substantial fuel spill such as a
hypergolic fuel with an extremely rapid fire spread.

4 MODELING

The results presented in this paper are based on calculations
performed using the computational fluid dynamics model (CFD),
HARWELL FLOW3D [2], and the radiation model, RADTECT. The CFD
model solves the Navier-Stokes equations in three dimensions to
determine the heat transfer and flow fields in an enclosure. For
turbulent flow, a k-& model [3] is used to approximate the effect
of turbulence on the flow and heat transfer. The set of
coefficients used in these studies was used to simulate a plume
above an actual fire experiment in a 30 m (100 ft) high hangar [4]
and is given in Appendix A.

The modeling technique used to simulate gas flow was to divide the
region of interest into a collection of small rectangular boxes or
computational volumes. The conditions in each computational volume
are initially ambient. Heat is then released in designated
computational volumes over time. The resulting flow or exchange of
mass, momentum, and energy between computational wvolumes is
determined so that these three quantities are conserved. The
momentum conservation or Navier Stokes equations are equivalent to
Newton’s second law of motion. The energy conservation equation is
equivalent to the first law of thermodynamics. These fluid flow
equations are expressed mathematically as a set of simultaneous,
non-linear partial differential equations. After  Dbeing
discretized, the resulting finite wvolume equations are solved
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iteratively using a variant of Newton’s method for computing
coupled non-linear algebraic equations.

For the enclosures studied in this paper the number of
computational volumes ranged from 13000 to 49000. The sizes of the
computational volumes were varied using geometric progressions such
that computational volumes representing the fire and the space near
the ceiling where detectors would be placed were of sufficient
resolution to provide an adequate representation of the flow field.
Typically, the length of a side for the computational wvolumes
representing the fire and the plume above the fire at the ceiling
ranged in value between 0.2 m and 0.3 m (0.7 ft and 1.0 ft).
Symmetry planes were used to reduce the actual modeled space to
either one-half or one-quarter of the actual volume. At the walls,
the no-slip boundary condition was used. This means that the flow
velocities perpendicular and parallel to the wall were assumed to
equal zero at the wall. The default turbulent boundary conditions
[2] were used to represent the boundary layer formed at the wall.

Convective energy losses from the gas to the ceiling were included
in each calculation but the walls of the enclosure were assumed to
be adiabatic. The ceiling was assumed to have the properties of
steel, with the constants used for modeling given in ZAppendix A.
The assumption of adiabatic walls should have a negligible effect
on the calculations owing to the large spaces modeled, the distance
that the fire was located from the walls, and the short time
duration for the calculations. To account for radiative losses
from the fire, 35 per cent of the heat release rate was assumed
lost to the walls and ceiling through radiation.

Forced ventilation was modeled by specifying the gas temperature
and flow velocity at each supply. Ventilation returns were modeled
assuming the derivative of the velocity at the return was
continuous across the exit area.

The modeling of radiation was done using a computer program,
RADTECT, which calculates the radiative flux from either a point or
a conical fire source to a target of arbitrary surface orientation
and distance. The total power radiated by the fire was based on
the radiative fraction of the total heat release rate for a given
fuel. This power is primarily radiated in the infrared region of
the electromagnetic spectrum; hence the program is less useful for
UV-type detectors unless the UV flux is known.

4.1 HEAT DETECTION

The application of heat detectors in high bay spaces depends on the
rate of fire growth and the minimum detectable fire size. For
these spaces, the time for heat to reach ceiling mounted detectors
can be appreciable and the final temperature of the ceiling jet can
be substantially less than the temperature required to activate the
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detector due to the entrainment of ambient air and radiative losses
to the surrounding environment. Further complications may occur if
the path of the heat and smoke is substantially deflected by large
objects. In this instance, the time for detection to occur may be
substantial and the detection could occur at a different location
at the ceiling than the position directly above the fire source.

The temperature of a fusible link detector, typically associated
with sprinkler systems, can be modeled in the following manner:

dT; _ Jv

at - o Lo T

where T, and T, are the fusible link and gas temperatures, RTI is
the response time index of the link, v is the speed of the gas flow
over the link and t is time [5]. The CFD model was used to
determine the 1local gas temperature and speed for each
computational volume, and the actuation time was targeted at 74 °C
(165 °F) and 121 °C (250 °F) for the fusible links.

The performance of rate-of-rise detectors was analyzed using the
temperature history of each computational volume. Typically, rate
of rise detectors will respond if the gas temperature rises over a
given temperature range in a specified period of time. For the
purposes of this analysis, rate-of-rise detectors were considered
activated if the temperature rose more than 12 °C (22 °F) in 60
seconds.

4.2 SMOKE DETECTION

The use of smoke detectors in high bay spaces depends on ceiling
height, fire size, fuel ¢type, and the presence of forced
ventilation. The basic criterium to judge the activation of
optical smoke detectors is percent obscuration produced by the
smoke. Different fuels, as well as whether the fire is flaming or
smoldering, will produce different concentrations of smoke [6].
The heat release rates representing fires used for this study can
only be attributed to flaming fires.

Smoke detection for this study was modeled using two methods. The
first method used the temperature rise of the gas at the location
of interest. This method is based on the assumption that the
temperature rise of a fire driven flow will be proportional to the
smoke concentration in the flow. [7] The gas rising from the fire
has a certain temperature and smoke density. This model assumes
that both cooling and smoke dilution occur only by the entrainment
of cooler air. Thus the proportion of smoke density to flow
temperature remains constant. Implicit in this assumption are that
energy losses from the gas due to radiation and due to heat
convection to surfaces are negligible and that the loss of smoke to
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surfaces is negligible. Freely rising plumes or gas flows which
move short distances over surfaces should satisfy these
requirements once the gas temperature drops to the point that
radiation losses from the gas are negligible.

An early effort to determine a correlation between temperature rise
(AT) and smoke obscuration (OB) used wood crib fires to measure the
activation of smoke detectors as a function of temperature for fire
driven flows. [8] The results of this study suggested that smoke
detectors would alarm at an OB/AT = 1.2 x 1073 (m °C)™.

In a recent test of the response of smoke detectors to a fire in a
hospital room [9], the temperature rise associated with the smoke
density required to activate ionization detectors rated at an
obscuration of 3.3% m? (1% ft!) was approximately 5 °C. The fire
used in these tests was produced by burning wood cribs and the
ceiling height was 2.44 m (8 ft). While the ceiling height was low
compared with the high bay facilities studied here, the ionization
detectors in the study were located at several distances from the
fire and produced the same temperature/smoke correlation.

A set of fire tests conducted with ionization detectors in a 15 m
(50 ft) high structure provided an additional opportunity to
experimentally test a temperature/smoke correlation [10]. In these
tests, the fire was produced by burning wood cribs and JP5 pools.
The ionization detectors used responded to an obscuration of 2.5%
m' and were mounted on the ceiling 3 m (10 ft) from the geometric
center of the fire pan. Four detectors were available at these
positions for each fire. The ambient temperature ranged from 27 °C
to 28 °C (81 °F - 82 °F) during the tests. For the 0.61 by 0.61 by
0.61 m (2 ft by 2 ft by 2 ft) wood crib fire, the average
temperature rise for detector activation in the plume was 1.3 °C.
For the JP5 fires, a 0.61 m by 0.61 m (2 ft by 2 ft) square pan
produced an average temperature rise for detector activation of 4.4
°c, and a 2.0 m (6.6 ft) diameter pan produced an average
temperature rise of 7.9 °C. The data sampling time for each of the
thermocouples in these experiments was once every four seconds.
The larger detector threshold temperature for the 2.0 m diameter
pan fire compared with the smaller pans is probably the result of
the rapid temperature rise observed in the large pan fire.
Averaging the response temperatures for the three fires suggests a
temperature rise of 5 °C for ionization detector activation
responding to an obscuration of 2.5% m™.

The 5 °C temperature rise was used in this report to determine
ionization detector activation based on the experimental results
discussed in the prior paragraph. Use of this value requires that
the detectors under consideration respond to an obscuration of 2.5%
mt. For detectors responding to higher values of obscuration,
higher temperatures may be required for activation.

The second technique for estimating smoke detector activation was
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based on calculated smoke concentration. A scalar variable, equal
to the optical density per meter at an arbitrary location in the
enclosure divided by the optical density per meter in the fire, was
used to estimate the smoke concentration. The wvalue of this
variable equals one initially and decreases in response to the
dilution effect of the calculated flow field entering new
computational volumes. Decreases in smoke concentration due to
particle clumping and deposition onto surfaces are not included in
the calculation. Since different fuels produce different amounts
of smoke, the normalization procedure would allow the calculations
to be generalized to a variety of different fuels. Hence a smoky
fire might produce a detectable signal when the dilution of the
scalar variable was 0.001 while a less smoky fuel would not produce
a detectable signal at this level.

In order to clarify the meaning of this variable and provide a
methodology for its use, a specific example, using wood cribs, is

given. Following reference [6], the following variables are
defined:
S = ratio of local optical density per meter to optical density

per meter at fire source,

e = smoke conversion factor,

m, = mass of smoke produced,

m, = mass of fuel burned,

v, = local average velocity at fire source,

h = heat of combustion of fuel,

h, = heat release rate per fuel surface area,
K, = extinction coefficient / mass,

K, = optical density per meter near fire surface,
K = local optical density per meter.

The rate at which smoke is produced by the fire is given by
m =eh,/h

The optical density per meter at the fire source is then obtained
by

K =K s
S mVL

The local optical density per meter is then found from

K=K_S



The value of the variable S is found using the CFD calculation,
where S is assumed to be one at the fire source and is diluted by
entrained air to a value less then one as the gas flows away £from
the fire. Using the values X, = 7600 m?/kg [6], € = 0.02 [6], h, =
1.0 MW/m?*, h = 12 MJ/kg [11l], v, = 1.0 m/s, the above set of
equations gives a value of S to be 0.0026 in order to obtain an
optical density per meter of 3.3% m?. K, &, and h are material
dependent constants while h, and v, will depend on a number of
variables including geometry. The requirement of knowing several
material specific constants makes this method of smoke estimation
difficult to use over the wide variety of fuel loads present in
NASA facilities.

4.3 RADIATION DETECTION

Flaming fires radiate energy in the ultraviolet (UV), visible, and
infrared (IR) portions of the electromagnetic spectrum. The
quantity of radiation emitted in a particular spectral range
depends on the type of fuel burning. For hydrocarbon fuels, the
production of CO, produces a strong emission peak at about 4.3 um.
The production of large quantities of soot increases the amount of
continuous emission radiated in the infrared and visible spectrum.

Many varieties of radiation detectors are available. Some IR
detectors use filters to limit the detector sensitivity to a
wavelength region near the CO, emission feature at 4.3 um while
other IR detectors are sensitive to a broadband of wavelengths in
the infrared and wvisible portions of the spectrum. UV detectors
are typically filtered to exclude sunlight and sodium or mercury
emission from lights, and hence observe in a region from about 0.18
pm to 0.24 pm. In order to minimize false alarms, radiation
detectors can be packaged with a combination of UV and IR sensors
such that a non-fire source of either UV or IR radiation will not
set off the detection system.

The CO, emission from burning hydrocarbon fuels can substantially
increase the amount of IR radiation in the 4.1 um to 4.7 um band
over what is expected in this spectral region from simply black-
body radiation. The emission produced by non carbon containing
fuels (eg, Mg, NH,;, H,) generally will not contain this emission
feature, but may generate other IR emission bands. Emission from
electronic transitions of the combustion products determines the

ultimate amount of UV radiation present. Recommendations
concerning the use of radiation detectors must take into account
the type of fuel hazard that is present. In some instances,

broadband detectors in the visible and IR may be more appropriate
for fire detection in special fuel situations than the standard
detectors which take advantage of the strong infrared CO, emission
feature.




5 MODELING RESULTS
5.1 Smoke and Heat Modeling
5.1.1 18 m to 24 m (60 £t to 80 ft)

One hypothetical geometry modeled was a 21 m (70 ft) high flat roof
facility. The floor area was assumed to be 36 m by 36 m (120 ft
by 120 ft). Simulated t-squared fires, reaching maximum heat
release rates of 50 kwWw, 0.5 Mw, 1.0 MW, 4.0 MW, and 50 MW in 100 s,
were located on the floor at the center of the facility. It was
assumed that air flowed into the facility through parallel rows of
supplies located at the ceiling. Returns were located on the walls
roughly 1.0 m (3 ft) above the floor. Air flows leaving the
supplies were studied for flow velocities of 0.25 m/s and 1.0 m/s.

The results of these calculations are presented in table 1. An
example of the temperature contours in the plane of the fire
produced by a 1 MW fire at 90 s is displayed in Figure 1. Only the
left half of the fire is shown in the figure. Note that the vent
flow at the ceiling above the center of the fire reduces the
temperature at the ceiling. For weak plumes such as this one,
ceiling vents produce a measurable effect on the local temperature
of the gas. Based on all the calculations for the cases in table
1, the following conclusions may be drawn about detector
activation.

Ceiling mounted fusible 1links designed to activate at
temperatures of 57 °C (135 °F) or higher would not activate for
test fires of 4 MW or less. Fusible links designed to
activate at temperatures below 100 °C (212 °F) would be
expected to activate for 50 MW fires in 90 s.

Ceiling mounted rate-of-rise detectors will not activate for
the test fires of 1 MW or less due to low ceiling
temperatures. Ceiling mounted rate-of-rise detectors will
activate for fires equal to or greater than 4 MW based on the
observed ceiling temperature increase of 20 °C or more.

Ceiling mounted smoke detectors would not be expected to
activate for fires of less then 0.5 MW based on the ceiling
temperatures not increasing above ambient. Smoke detectors
operating at obscuration levels of 3.3% m?! (1% ft™') (which
lead to the 5 °C criterion) should activate for 4 MW and
larger fires.

Vent flows of 1 m/s lowered ceiling temperatures by roughly 10
°C in the 4 MW case. This decrease in temperature would not
prevent the rate of rise and smoke detectors from activating
but would bring the detection levels closer to the threshold
values of the detectors.



5.1.2 24 m to 30 m (80 ft to 100 ft)

Two existing NASA facilities were modeled in this height range.
The first facility is an orbiter processing and fueling facility,
high bay designation KSC K6-696. This facility is 29 m (95 ft)
high and has floor dimensions of 46 m by 60 m (150 ft by 197 ft).
The facility contains a complex workstand which was designed to
provide access to an orbiter. This facility is a clean room with
an air flow of 2500 m?/min (88000 cfm) introduced through supplies
at the ceiling. Returns are located on the walls at a height of
approximately 1.0 m (3 ft).

The bottom of the orbiter represents an impervious blockage of
smoke and covers a substantial area. To investigate this effect,
two blockages of different size were modeled using a 4 MW fire as

shown in Figures 2 and 3. The blockage shown in Figure 2 is
rectangular in shape with the length displayed in the figure equal
to 6 m (20 f£ft). The blockage shown in Figure 3 is also

rectangular, but the displayed length is increased to 16 m (52 ft).
The increased area used in Figure 3 retards the smoke from reaching
the ceiling. The blockage effect is enhanced by the location of
the returns at the side walls which tend to prevent the weak plume
from rising to the ceiling.

The second facility 1s an aircraft hangar (B1244) located at
Langley Research Center. Based on the NASA survey, it was thought
that this facility was 25 m (83 ft) high but after inspecting the
construction plans, it was found that the structure is 28 m (93
ft) high. The roof of this facility was made up of several curved
segments with the low point at the wall being 15 m (48 ft) high.
The roof is level in the direction perpendicular to the curve.
The floor of the hangar is 50 m by 43 m ( 160 ft by 140 ft) in
area.

Temperature contours and velocity profiles are shown in Figures 4,
5, and 6 at 90 s for a 4 MW fire. The effect on the smoke movement
for the down sloping side of the hangar roof is to slow the smoke
flow compared with the flow along the level portion of the ceiling.
The sloping ceiling impedes the smoke movement downslope, but
accelerates smoke movement upslope.

The results of these calculations are presented in table 2a and 2b.
Based on these results, the following conclusions may be drawn
about detector activation.

Ceiling mounted fusible 1links designed to activate at
temperatures of 57 C (135 F) or higher would not activate for
test fires of 4 MW or less within 90 s. Fusible links
designed to activate at temperatures below 100 °C (212 °F)
would be expected to activate for 50 MW fires in 90 s.
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Ceiling mounted rate-of-rise detectors would not activate for
test fires of 1 MW or less due to low ceiling temperatures.
Ceiling mounted rate-of-rise detectors would marginally
activate for fires equal to 4 MW based on ceiling temperature
increases of 15 °C. Ceiling mounted rate-of-rise detectors
would activate for fires larger than 4 Mw.

Ceiling mounted smoke detectors would not be expected to
activate for fires of 1 MW or less based on the ceiling
temperatures not increasing above ambient. Smoke detectors
operating at obscuration levels of 3.3% m?' (1% ft™*) which
lead to the 5 °C criterion should activate for the 4 MW and
larger fires.

For facilities, where a solid, nonflammable object as large as the
orbiter 1is ©present, temperatures at the ceiling will be
substantially lower compared with those produced by a freely rising
plume 1f the smoke plume must travel significant horizontal
distances before rising to the ceiling. Calculations for these
cases assumed that the fire was located centered under the orbiter.
Based on the results of the calculations for this fire placement,
the following observations can be made. Rate-of-rise detectors
will not activate for 4 MW and smaller fires. Fusible 1links
designed to activate at temperatures of 57 °C (135 °F) or higher
will not activate for 50 MW and smaller fires due to decreased
ceiling temperatures. Smoke detectors operating at obscuration
levels leading to the 5 °C criterion will not activate for fires of
4 MW or less due to low ceiling temperatures.

5.1.3 30 m to 36 m (100 ft to 120 ft)

Two geometries were modeled at this height. The first is a NASA
orbiter payload processing/fueling structure, KSC M7-1469. This
structure is a clean room with a 32 m (105 ft ) high ceiling and is
46 m by 23 m (150 £t by 75 ft) in floor area. Supplies are located
on the ceiling with returns located on the sidewalls of the
facility. The ventilation system supports two to four air changes
per hour. An interesting feature in this structure is the
workstand used to support and service orbiter payloads. While a
coarse grid of 49000 cells was used to model half the facility
using a symmetry plane down the center of the building, a 21000
cell grid was used to model just the workstands in a second
calculation set. The purpose of the detailed workstand grid was to
investigate the possible impact that the workstand could produce on
the smoke movement within the building.

An example of the geometry used to approximate the work stand is
given in Figure 7. The rectangular solid located in the back
center of the structure is a simulated orbiter payload. The four
deck-like structures represent four working floors of the
workstand. The working floors are steel grates but were modeled as
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solids in this work. The actual situation 1s a complicated
combination of grates and blockages as there are significant
amounts of equipment positioned on each of the floors.

The effects of a 4 MW growing fire at 100 s is shown in Figure 8
where the arrows depict the direction and magnitude of the flow
while the color of the arrows indicates the velocity. Note the
shadowing effect that the orbiter payload has on the flow.
Entrainment of air into the plume occurs at all levels of the
workstand.

The second geometry is a 37 m (120 ft) high structure with a 18 m
by 18 m (120 ft by 120 ft) floor area. Supplies are located on the
ceiling with returns located on the sidewalls of the facility.

The t-squared fires modeled in this height range consisted of 50
kw, and 1 MW, 4 MW and 50 MW fires which reached their peak heat
release rate in 100 s. Shown in Figure 9 are the temperature
contours resulting from a 4 MW fire at 90 s. There was no vent
flow for this case. The results of the calculations for these
spaces are presented in tables 3a and 3b. Based on these results,
the following conclusions may be drawn concerning detector
activation.

Ceiling mounted fusible 1links designed to activate at
temperatures of 57 °C (135 °F) or higher would not activate for
test fires of 4 MW or less. Fusible 1links designed to
activate at temperatures below 100 °C (212 °F) would be
expected to activate for 50 MW fires in 90 s as long as

- negligible air flow is present. For air flows of 1 m/s or
greater, fusible links will not activate within 100 s for 50
MW fires.

Ceiling mounted rate-of-rise detectors will not activate for
test fires of 4 MW or less due to ceiling temperatures not
rising more than 10 °C at the ceiling. Ceiling mounted rate-
of-rise detectors will not activate for fires of 4 MW or less.
The threshold for activation of these detectors at this height
is not determined in this study.

Ceiling mounted smoke detectors would not be expected to
activate for fires of 1 MW or less based on the ceiling
temperatures not increasing above ambient. Smoke detectors
operating at obscuration levels of 3.3% m? (1% ft™*) which
lead to the 5 °C criterion should activate for the 4 MW fire
size with no forced ventilation but will not activate within
100 s when 1 m/s ceiling flows are present.

5.2 RADIATION MODELING

Radiation detectors used at present NASA sites are primarily UV/IR
with an activation criterion of being able to detect a 0.3 m by 0.3
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m (1 ft by 1 £ft) hydrocarbon fire at 14 m (45 ft). The heat
release rate for a 0.3 m by 0.3 m (1 ft by 1 ft) gasoline fire is
110 kW. Gasoline fires are one of the common hydrocarbon fuels
used to test the sensitivity of UV/IR detectors. Using RADTECT,
the total infrared flux from a conical flame incident on a vertical
surface at 13.7 m (45. ft) is 31 W/m® for a fuel with a radiation
fraction of 35%. For fires with a heat release rate of 50 kW, in
order to receive the same total infrared flux, detectors would have
to be positioned no more than 9 m (30 ft) from the fire source.

6 SUMMARY

Based on the fire modeling discussed above, expected detector
activation as a function of fire size can be summarized in tabular
form for high bay facilities. Tables 4, 5, and 6 provide
guidelines for expected activation of heat and smoke detectors as
a function of ceiling height, forced ventilation, and fire size.
A "Y" in a particular column means that for the given height and
fire size, a particular detector should activate. A "N" in a
particular column means that the detector would not be expected to
activate.

The columns providing ceiling temperature and maximum target link
temperature require additional explanation. A number of
calculations were run for 90 s rather than the full 100 s growth of
the fire. The ceiling temperatures for these runs are marked with
an asterisk. Occasionally, a calculation of ceiling temperature
will not have been made for a particular case and is designated as
"NC" for not calculated. The column specifying target 1link
temperatures represents an estimate of the maximum link temperature
which would activate for a given fire. This estimate is based on
a temperature which is 10 °C lower than the ceiling temperature
reached at 100 s, or it is equal to the 90 s ceiling temperature
for those calculations which were done only for 90 s. For cases
where the ceiling temperature is too low, no link temperature is
given.

The time of activation will depend on the growth rate of the fire
with many fires requiring time periods longer than the 100 second
period used for these calculations to reach full involvement. For
rate of rise detectors, a slowly growing fire may not produce
activation even though activation is indicated in the tables since
these detectors depend both on temperature and rate of temperature
rise. For slowly growing fires, the temperature rise requirement
may not be realized.

As discussed earlier, large lateral blockages, which completely
halt the vertical rise of the fire plume, can have a significant
impact on the temperature and location of the plume at the ceiling
as well as the time required for the hot smoke to reach the
ceiling. When large lateral blockages are present, detectors must
be sited underneath the blockages for fire detection purposes. If
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the height from the floor to the blockage is greater than 18 m (60
ft), the guidelines for detector type contained in this paper
should be used.

The detection of hydrocarbon fires with a heat release rate of 50
kW using UV/IR detectors requires more sensitive detectors than are
now used for current NASA facilities. Based on infrared emission,
present NASA installations should be able to see a 50 kW
hydrocarbon fire 9 m (30 ft) from the detector. Since UV emission
will also decrease as the target detectable hydrocarbon fire size
is decreased from 110 kW to 50 kW, detector manufacturers should be
consulted concerning the sensitivity of their detectors to these
small fire sizes. The use of more sensitive detectors may require
additional effort in order to avoid false alarms from nonfire
sources.

The guidelines on detector activation discussed above are based on
computer models of fire. Actual fire growth may deviate
substantially from the fire growth assumed in the models. When
using these guidelines for detection design, expected fire growth,
ventilation, and building geometry must be taken into account to
insure that the modeling assumptions are consistent with the design
application.
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TABLE 1

Tabulated below are some of the initial conditions and results for
the 21 meter (70 ft) facility. Descriptions for the column heading
are as follows:

1.

2.

FIRE SIZE refers to the maximum heat release rate for the
fire,

VENT FLOW refers to the speed of air flow out of a ceiling
vent,

# GRID VOLUMES refers to the number of computational volumes
used to represent a structure,

CEILING TEMP and CEILING SMOKE DENSITY are the temperature and
smoke density calculated at plume center at time TIME after
the start of the fire. Ambient temperature is 20 °C.

NC means not calculated in that run.

TIME is the elapsed time after the start of the simulated fire
that corresponds with the temperature and smoke density values
in the table.

FIRE VENT # GRID | CEILING | CEILING TIME
SIZE FLOW VOLUMES TEMP SMOKE S
MW m/s °C DENSITY

0.05 0.0 19000 22 0.001 100
0.05 1.0 19000 20 0.0 100
0.5 0.0 17575 27 0.003 90
0.5 1.0 17575 21 0.002 90
0.5 0.25 19000 21 0.002 90
0.5 1.0 19000 21 0.002 20
1.0 1.0 19000 22 0.003 90
4.0 0.0 17575 45 NC 100
4.0 0.25 17575 37 NC 90
4.0 1.0 17575 36 NC 90
50 1.0 17575 154 0.004 90
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Table 2a

Tabulated below are some of the initial conditions and results for
the NASA orbiter facility. Descriptions for the column heading are
as follows:

1. FIRE SIZE refers to the maximum heat release rate for the
fire,

2. VENT FLOW refers to the speed of air flow out of a ceiling
vent,

3. # GRID VOLUMES refers to the number of computational volumes
used to represent a structure,

4, CEILING TEMP is the temperature calculated at plume center at
time TIME after the start of the fire. Ambient temperature is
20 °C.

5. Block refers to the 6 m or 16 m blockage described in the
text. AB means fire was positioned above the blockage.

6. TIME is the elapsed time after the start of the simulated fire
that corresponds with the temperature and smoke density values
in the table.

FIRE VENT # GRID CEILING block TIME
SIZE FLOW VOLUMES TEMP s
MW m/s oC

4.0 0.25 23064 34 6 m 100
4.0 0.25 23064 34 6 m 100
4.0 0.25 23064 34 6 m 200
50. 0.25 23064 92 6 m 100
50. 0.25 .23064 102 6 m 200
50. 0.25 23064 47 16 m 100
50 0.25 23064 82 16 m 200
4.0 0.25 23064 20 16 m 100
4.0 2.5 23064 20 16 m 100
4.0 1.0 23064 20 16 m 100
4.0 1.0 23064 20 16 m 200
4.0 1.0 23064 20 16 m 100
4.0 1.0 30504 37 AB 100
4.0 1.0 30504 20 16 m 100
4.0 1.0 30504 20 16 m 100
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Table 2b

Tabulated below are some of the initial conditions and results for
the Langley hangar. Descriptions for the column heading are as

follows:

1. FIRE SIZE refers to the maximum heat release rate for the
fire,

2. VENT FLOW refers to the speed of air flow out of a ceiling
vent,

3. # GRID VOLUMES refers to the number of computational volumes
used to represent a structure,

4. CEILING TEMP and CEILING SMOKE DENSITY are the temperature and

smoke density calculated at plume center at time TIME after
the start of the fire.

5. NC means not calculated in that run.

6. TIME is the elapsed time after the start of the simulated fire
that corresponds with the temperature and smoke density values
in the table.

FIRE VENT # GRID | CEILING | CEILING TIME
SIZE FLOW VOLUMES TEMP SMOKE S
MW m/s e DENSITY
4.0 0.0 30600 25 NC 20
4.0 0.0 30600 37 NC 180
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Table 3a

Tabulated below are some of the initial conditions and results for

the NASA payload facility.

Descriptions for the column heading are

as follows:

1.

2.

FIRE SIZE refers to the maximum heat release rate for the
fire,

VENT FLOW refers to the speed of airflow out of a ceiling
vent, :
# GRID VOLUMES refers to the number of computational volumes
used to represent a structure,

CEILING TEMP and CEILING SMOKE DENSITY are the temperature and
smoke density calculated at plume center at time TIME after
the start of the fire.

NC means not calculated in that run.

TIME is the elapsed time after the start of the simulated fire
that corresponds with the temperature and smoke density values
in the table.

FIRE VENT # GRID | CEILING | CEILING TIME
SIZE FLOW VOLUMES TEMP SMOKE S
MW m/s °C DENSITY

1.0 0.0 49152 25 NC 75
4.0 1.0 49152 42 NC 100
4.0 0.0 49152 36 NC 75
4.0 0.25 20790 34 0.008 100
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Table 3b

Tabulated below are some of the initial conditions and results for

the 37 m (120 ft)

facility. Descriptions for the column heading

are as follows:

1.
2.

FIRE SIZE refers to the maximum heat release rate for the
fire,

VENT FLOW refers to the speed of air flow out of a ceiling
vent,

# GRID VOLUMES refers to the number of computational volumes
used to represent a structure,

CEILING TEMP and CEILING SMOKE DENSITY are the temperature and
smoke density calculated at plume center at time TIME after
the start of the fire.

NC means not calculated in that run.

TIME is the elapsed time after the start of the simulated fire
that corresponds with the temperature and smoke density values
in the table.

FIRE VENT # GRID | CEILING | CEILING TIME
SIZE FLOW VOLUMES TEMP SMOKE S
MW m/s °C DENSITY

1.0 0.0 13357 25 NC 90
4.0 0.0 13357 33 NC 90
50. 0.0 13357 109 NC 90
1.0 1.0 26011 20 NC 90
0.05 1.0 26011 20 0.0 90
4.0 1.0 26011 22 0.0005 60
50. 1.0 26011 41 0.004 60

20




Table 4
18 m to 24 m (60 ft to 80 ft)

Values in this table are for unobstructed spaces. Large lateral
blockages may have a substantial impact on detection strategies.

Max. Forced Ceiling Maximum Smoke Rate of
Fire Flow Temp (C) Target 2.5% mt? Rise
Size 1.0 m/s * means Link 15 °cC
(MW) 90 s Temp (C) in 60 s
0.05 N 22 N N
0.05 Y 20 N N
0.5 N 27%* Y N
0.5 Y 21* Y N
1.0 N NC Y N
1.0 Y 22% Y N
4.0 N 45 37 Y Y
4.0 Y 37* 37 Y Y
50.0 N NC 154 Y Y
50.0 Y 154 154 Y Y
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Table 5
24 m to 30 m (80 ft to 100 ft)

Values in this table are for unobstructed spaces. Large lateral
blockages may have a substantial impact on detection strategies.

Max. Forced Ceiling Maximum Smoke Rate of
Fire Flow Temp (C) Target 2.5% m™* Rise
Size 1.0 m/s Link 15 °C
(MW) Temp (C) in 60 s
0.05 N NC N N
0.05 Y NC N N
1.0 N NC Y N
1.0 Y NC Y N
4.0 N 37 Y N
4.0 Y 34 Y N
50.0 N NC 82 Y Y
50.0 Y 92 82 Y Y
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Values in this table are for unobstructed spaces.
blockages may have a substantial impact on detection strategies.

Table 6

30 m to 36 m (100 £t to 120 ft)

Large lateral

Max. Forced Ceiling Maximum Smoke Rate of
Fire Flow Temp (C) Target 2.5% m™ Rise
Size 1 m/s * means Link 15 °c
(MwW) 90 s Temp (C) in 60 s
0.05 N NC N N
0.05 Y 20% N N
1.0 N 25% N N
1.0 Y 20* N N
4.0 N 33* Y N
4.0 Y NC N N
50. N 109+* 109 Y Y
50. Y NC 109 Y Y
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APPENDIX A
HARWELL FLOW3D INPUTS
Table A.1

Turbulence Parameters

Input Variable Value

c, 1.44

C, 1.92

C, 1.00

Cy 0.18

Prandtl Number 0.85

For Enthalpy
Table A.1
Ceiling Material Constants

Constant Value
Thermal Conductivity 60.0 W/ (m K)
Specific Heat 480. J/ (kg K)
Density 7850. kg/m’

Table A.3

Model Physics

Turbulent Flow (k-& Model)

Compressible Flow

Heat Transfer (Ceiling only)

Buovant Flow

Transient Flow
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21 m High Bay
1 MW Fire at 90 s
Isotherms, C
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#igure 1: Temperature isotherms at 90 s for a 1 MW fire in a 21 m high bay.
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Orbiter
4 MW Fire at 100 s
Isotherms, C
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Figure 2: Temperature isotherms at 100 s for a 4 MW fire located under a 6m
blockage in a 29 m high bay.
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Orbiter
4 MW at 100 s
Isotherms, C
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Figure 3: Temperature isotherms at 100 s for a 4 MW fire located under a 16 m
blockage in a 29 m high bay.
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Langley Hangar
4 MW Fire
Isotherms, °C

Figure 4: Temperature isotherms at 90 s for a 4 MW fire located in a 28 m
high hangar.
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Langley Hangar
4 MW Fire at 90 s
Velocity, m/s
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Figure 5: Velocity vectors representing the air flow at 90 s for a 4 MW fire
displayed in a plane located at the center of the hangar with a
ceiling height of 28 m.
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LLangley Hangar
4 MW Fire at 90 s
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Figure 6: Velocity vectors representing the air flow at a 90 s for a 4 MW fire
displayed in a plane located at the center of the hangar in the
direction of decreasing ceiling height.
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Figure 7: A representative geometry used to model the orbiter work
stand. The flat rectangles represent iron gratings and are

assumed to stop the air flow. The parallelepiped represents
a paperload.
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Payload Facility
1 MW Fire at 100 s

Temperature, C

> 72.
Eﬁ 72.
59.
47.

34.
22.

T S A L 8 27 7 P S

o, L
.t\‘”mm””lv. P
.Il‘nmmnﬂtv'.

cetttiit,

,.l””ﬂmnnlh,...
,-H”mmmlh

!
1

Cowmowmoo

ottt
BRDREIL o (TP

ottt o

Cormfee o

.vfi i‘\.
b

!
i
|
!

Figure 8: Velocity vectors representing the air flow at 100 s for a 1 MW fire
underneath a orbiter payload.
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37 m High Bay
4 MW Fire at 90 s
Isotherms, ‘C

> 7 2.
72.
59.
47 .

QCuwowo e

Figure 9: Temperature isotherms at 90 s for a 4 MW fire located in a 37 m high
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